We investigated the magnetic anisotropy and the high-frequency property of flexible Fe 60 Co 26 Ta 14 (FeCoTa) thin films obtained by oblique sputtering onto a wrinkled surface. The sinuously wrinkled topography is produced by growing Ta layer on a pre-strained polydimethylsiloxane (PDMS) membrane. Due to the enhanced effect of shadowing, the oblique deposition of FeCoTa layer gives rise to a shift of wrinkle peak towards the incident atomic flux. With increasing the PDMS pre-strain or increasing the oblique sputtering angle, both the uniaxial magnetic anisotropy and the ferromagnetic resonance frequency of FeCoTa films are enhanced, but the initial permeability decreases. The magnetization reversal mechanism of wrinkled FeCoTa films can be interpreted by a two-phase model composed of both coherent rotation and domain wall nucleation. With the enhancement of uniaxial magnetic anisotropy, the domain wall nucleation becomes pronounced in FeCoTa films.
. In order to ensure an operating frequency in the gigahertz range for microwave devices, the ferromagnetic resonance frequency of magnetic thin films should be well tuned to a very high value. It is well known that the ferromagnetic resonance frequency f r of magnetic films is determined by the magnetic anisotropy H k according to the Kittel's equation
, where γ is gyromagnetic ratio and M s is saturation magnetization 3 . Conventionally, there are several methods to obtain an enhanced in-plane uniaxial magnetic anisotropy in magnetic films, such as oblique deposition [4] [5] [6] , magnetic field annealing [7] [8] [9] [10] [11] , and exchange bias [12] [13] [14] [15] [16] . Among them, the oblique deposition can be easily handled, thus has been widely employed in practice to promote the ferromagnetic resonance frequency of magnetic films 2, 17 . Because of a self-shadowing effect, oblique deposition of a magnetic film onto a flat and rigid substrate may result in the formation of grains in the film which are elongated perpendicular to the incident flux direction. Consequently, a uniaxial magnetic anisotropy with the easy axis perpendicular to the incident flux direction is induced during the growth of magnetic films 18 . Recently, a lot of works have tried to produce a uniaxial magnetic anisotropy by modifying the surface morphology of magnetic thin films. For instance, Ki et al. reported that NiFe thin films with a triangular wave-like morphology grown on m-plane Al 2 O 3 substrate display a remarkable uniaxial magnetic anisotropy 19 . Briones et al. produced a rippled Co film by the deposition on a wrinkled polydimethylsiloxane (PDMS) substrate, resulting in a uniaxial magnetic anisotropy oriented parallel to the wrinkles 20 . In the similar way, Zhang et al. reported an enhanced uniaxial magnetic anisotropy in FeGa films deposited on a wrinkled surface which is obtained by growing metallic layer on pre-stretched PDMS membrane 21 . As compared to the deposition on a flat substrate, the shadowing effect of oblique deposition onto a wrinkled surface can be significantly enhanced due to the sinuously oscillated topography, thus displaying a rather stronger magnetic anisotropy.
FeCo thin films have been widely used as soft magnetic materials in static and low frequency applications because of the high saturation magnetization 22 . For high frequency application, non-magnetic elements, such as Ta, Zr, Hf, are usually doped in FeCo alloys to effectively reduce the grain size of magnetic films and easily induce an in-plane uniaxial anisotropy in the films [23] [24] [25] . Among these FeCo-based alloys, FeCoTa films display excellent high-frequency behaviors with a resonance frequency beyond 5.1 GHz at room temperature, which is higher than that of FeCoZr, FeCoHf, and FeCoLu high-frequency magnetic films [26] [27] [28] . In this work, we select Fe 60 Co 26 Ta 14 (FeCoTa) alloy to investigate the effect of oblique deposition on the surface morphology and magnetic property for magnetic films grown onto a wrinkled surface. Because of the enhanced shadowing effect by the wrinkled topography, the oblique deposition gives rise to a shift of wrinkle peaks and the FeCoTa thin films display a significantly uniaxial magnetic anisotropy. Both the enhancement of PDMS pre-strain and the increase of deposition angle could improve the uniaxial magnetic anisotropy and the ferromagnetic resonance frequency of FeCoTa films.
Results
Figure 1(a) schematically shows the steps of fabricating wrinkled magnetic films. Before deposition, PDMS membranes were pre-stretched by a tensile pre-strain ε pre up to 40%. A 5 nm Ta layer was grown as a buffer layer onto the pre-strained PDMS. After the PDMS pre-strain was released, a wrinkled topography appears on the surface of Ta/PDMS due to the mismatch of Young's modulus between the PDMS substrate and the metallic layer 29 . Subsequently, a 150 nm FeCoTa film was obliquely deposited onto the wrinkled Ta/PDMS surface at an angle ϕ varying from 0° to 45° with respect to the surface normal and with the azimuth perpendicular to the wrinkles. A 3 nm Ta layer was additionally deposited on the samples as a protection layer to prevent oxidation. Figure 1(b) shows the surface morphology for a 5 nm Ta buffer layer grown on a non-strained PDMS, i.e., ε pre = 0%, and then a 150 nm FeCoTa layer obliquely deposited at ϕ = 45°. A rather regular wrinkled topography with a wavelength of 1.01 μm and an amplitude of 87 nm is observed to be perpendicular to the direction of incident atomic flux. In contrast, we previously non-obliquely deposited FeGa layer on a freestanding PDMS. The film displays irregular wrinkles on the surface due to the random distribution of internal stress. Obviously, the formation of regular wrinkled topography for metallic films grown on a non-strained PDMS is because of the oblique deposition of FeCoTa layer. It is well known that due to a self-shadowing effect, the oblique incidence deposition results in a topography with grains elongated perpendicular to the incident flux direction. When FeCoTa atoms are obliquely deposited on a freestanding PDMS, the elongated grain structure produces a regularly distributed internal stress, which gives rise to the parallel aligned wrinkles perpendicular to the oblique incidence deposition.
When a 5 nm Ta buffer layer is grown onto a pre-stretched PDMS, after relaxing the pre-strain, the Ta/PDMS sample displays a much regular wrinkled topography. Figure 1 (c) displays a typical wrinkled topography with a wavelength of 880 nm and an amplitude of 114 nm for Ta/PDMS sample grown with ε pre = 20%. The cross-sectional view of the wrinkled topography can be well fitted to a sinusoidal curve, as shows in Fig. 1 (e). The wavelength λ and the amplitude A of wrinkled Ta/PDMS topography can be described by an elastic model [29] [30] [31] [32] as , where
is a certain threshold strain for buckling and has to be exceeded for obtaining a wrinkle pattern,
pre p re 5 32 , t ƒ is the total thickness of metal layers. E s and ν s are the Young's modulus and Poisson's ratio for PDMS membranes and the same as the E ƒ , ν ƒ for Ta films, respectively. Based on the previously reported elastic parameters for Ta bulks (E ƒ = 100 GPa, ν ƒ = 0.3) and PDMS membranes (E s = 1 MPa, ν s = 0.5), we may predict the wavelength and the amplitude of the wrinkled Ta/PDMS surface. For example, a wavelength of 779 nm and an amplitude of 121 nm are estimated for the topography of Ta(5 nm)/PDMS grown with ε pre = 20%, which agree well with the experimentally obtained results 21 . Since the elastic parameters almost cannot be changed, in order to obtain a wrinkled surface with a desired wavelength and amplitude, both the PDMS pre-strain and the thickness of metal layer need to be well controlled.
After obliquely depositing a 150 nm FeCoTa layer onto the wrinkled Ta/PDMS surface, the wavelength approximately keeps unchanged, but the amplitude is increased. Figure 1(d) typically indicates the surface topography for a 150 nm FeCoTa film obliquely deposited at ϕ = 45° on a wrinkled Ta/PDMS surface obtained by using ε pre = 20%. As shown in Fig. 1(e) , the corresponding cross-sectional view is no longer fluctuated according to a sine function. The peaks of wrinkles are shifted by 127 nm toward the incident atomic flux. The magnetic layer on the wrinkle side faced to the oblique sputtering become much thicker than that on the opposite side due to the enhanced shadowing effect by the wrinkled morphology. Although we use a fixed incidence angle to obliquely deposit FeCoTa layer, the sinuously oscillated morphology of Ta/PDMS makes the atomic flux displaying different incidence angles, which consequently gives rise to the inhomogeneous thickness and changes the sinuously wrinkled surface. For a fixed ε pre , the decrease of the oblique sputtering angle may reduce the shift of wrinkles. For fixing ϕ = 45° to grow FeCoTa but change the pre-strain of PDMS to obtain different wrinkled Ta/ PDMS surfaces, the wavelength of wrinkles determined by the Ta buffer layer decreases from 929 to 655 nm with increasing ε pre from 5% to 40%, but the corresponding amplitude increases from 151 to 289 nm and the shift of peak gradually decreases from 147 to 19 nm. Obviously, the increase of either the oblique deposition angle or the pre-strain applied on PDMS may enhance the shadowing effect, leading to an inhomogeneous thickness and a non-sinuously wrinkled topography. Figure 2 (a) shows the hysteresis loops measured with an in-plane magnetic field applied parallel (θ = 0°) and perpendicular (θ = 90°) to the wrinkles for FeCoTa films grown with different ε pre and a fixed ϕ = 45°. All the wrinkled FeCoTa films display a uniaxial magnetic anisotropy with the easy axis along the wrinkles. When ε pre is varied from 0% to 40%, the coercivity measured along the easy axis increases from 15 to 49 Oe. By means of calculating the difference of the area enclosed between the hysteresis loops measured along the easy and hard axes 33 , the magnetic anisotropy is estimated to increase from 3.68 × 10 4 to 1.30 × 10 5 erg/cm 3 . Figure 2 (b) shows the hysteresis loops for FeCoTa films grown with different ϕ and a fixed ε pre = 30%. With increasing ϕ from 0° to 45°, the coercivity measured along the easy axis correspondingly increases from 24 to 47 Oe and the uniaxial magnetic anisotropy increases from 2.16 × 10 4 to 1.21 × 10 5 erg/cm 3 . It is well known that the method of oblique deposition may result in a uniaxial magnetic anisotropy with an easy axis perpendicular to the incident atomic flux. The oblique deposition onto the sinuously wrinkled surface may enhance the effect of shadowing and significantly increase the uniaxial magnetic anisotropy of magnetic films. On the other hand, the wavy morphology of wrinkled magnetic films can produce an additional surface magnetic anisotropy. When a saturation magnetic field is applied perpendicular to the wrinkles, FeCoTa moments are aligned parallel to the film plane, which creates magnetic charges on the film surface. The dipolar interaction between the magnetic charges acts as a coupling field favoring parallel alignment of magnetization, inducing a surface anisotropy with easy axis along the wrinkles. The strength of surface anisotropy is estimated less than 3 × 10 3 erg/cm 3 , which is by far less than the contribution from the oblique deposition 21, 34, 35 . Figure 3 (a) and (b) show the angular dependence of coercivity for FeCoTa films grown with different ε pre and with different ϕ, respectively. Both of them exhibit a uniaxial symmetry about the directions parallel (θ = 0°) and perpendicular (θ = 90°) to the wrinkles, confirming the uniaxial magnetic anisotropy in the wrinkled FeCoTa films. For the magnetic field orientation θ rotated away from the easy axis (θ = 0°), the coercivity first increases but decreases sharply when approaching the hard axis (θ = 90°). This kind of angular dependent behaviors cannot be solely interpreted by either the coherent rotation or the domain wall nucleation. Conventionally, the Stoner-Wohlfarth model considering the coherent rotation of magnetization predicts a monotonous decrease of coercivity with increasing θ from 0° to 90° 36, 37 . In contrast, the coercivity predicted by the Kondorsky model based on the domain wall nucleation and propagation monotonously increases with increasing θ from 0° to 90° and diverges for θ close to 90° 38 . A two-phase model composed of both coherent rotation and domain wall nucleation is usually employed to account for the magnetization reversal in polycrystalline magnetic films [39] [40] [41] [42] . In this model, the application of magnetic field closed to the easy axis results in the nucleation of domain walls. For magnetic field applied close to the hard axis, the magnetization coherently rotates. The coercivity in a two-phase system can be described as 40, 42 
where N z and N x are the demagnetizing factors in the directions parallel (θ = 0°) and perpendicular (θ = 90°) to the wrinkles, respectively. N N = H k /M s is an effective demagnetizing factor. If the ratio y = (N N + N x )/N z is close to zero, the magnetization reversal mechanism in the two-phase system is dominated by the coherent rotation. For an infinite y, the magnetization reversal mechanism in the two-phase system is mediated by the domain wall nucleation. By using the two-phase model, the experimentally obtained angular dependence of coercivity can be well fitted, as shown in Fig. 3(a) and (b) . The fitting parameter of y increases from 13 to 31 for the samples grown with increasing ε pre from 0% to 40% and with a fix ϕ = 45°. For the samples grown with a fix ε pre = 30%, y increase from 2 to 10 with increasing ϕ from 0° to 45°. The enhanced factor of y by increasing either the PDMS pre-strain or the oblique sputtering angle indicates that the enhancement of uniaxial magnetic anisotropy makes the domain wall nucleation but not the coherent rotation dominative in the wrinkled FeCoTa films. It should be noted that there is an obvious difference between the calculation value and the experimental value of H c at θ = 90°. It is because the two-phase model considers a single-crystal system with an ideal uniaxial anisotropy and predicts H c = 0 at θ = 90°. However, for polycrystalline films, the distribution of grain easy axis leads to H c ≠ 0 at θ = 90° 40, 42 . Additionally, for our polycrystalline FeCoTa films, the magnetic moments on the wrinkled surface morphology are not strictly parallel to the external magnetic field applied perpendicular to the wrinkles (θ = 90°), but make a small angle less than 10°, which also results in H c ≠ 0 at θ = 90°. Figure 4 presents the dynamic real (μ′) and imaginary (μ″) permeability spectra at zero bias field for the wrinkled FeCoTa films measured in the frequency range from 0.9 to 8 GHz. The complex permeability can be described by solving the Landau-Lifshitz-Gilbert (LLG) equation as where χ 0 = μ i − 1 is the initial susceptibility, α is the damping parameter, and ƒ is the operation frequency. Taking α, χ 0 , and f r as the fitting parameters, the experimentally obtained real and imaginary permeability spectra for the wrinkled FeCoTa films can be fitted. For the films grown at ϕ = 45°, with ε pre increasing from 0% to 40%, μ i decreases from 81 to 29 but ƒ r increases from 2.34 to 4.91 GHz, as shown in Fig. 5(a) . The opposite features between the ε pre dependence of μ i and ƒ r can be explained by using the Snoek-Archer's limit: 44, 45 . For a magnetic thin film with a certain M s , the increase of ƒ r may lead to the decrease of μ i . Using the relation 46 γα π π
, the fitting value of α is obtained as 0.1, the frequency linewidth Δƒ increases from 2.86 to 3.01 GHz with increasing ε pre from 0% to 40%, as shown in Fig. 5(b) . For FeCoTa films grown at a fixed ε pre = 30%, with increasing ϕ from 0° to 45°, μ i decrease from 63 to 14 and ƒ r increases from 4.53 to 5.98 GHz, as displayed in Fig. 5(c) . The frequency linewidth Δƒ correspondingly increases from 4.26 to 4.47 GHz, as shown in Fig. 5(d) . The fitting value of α is about 0.15 which indicates a large magnetic loss. Thus, the imaginary permeability spectra cannot be well fitted by the LLG formula.
Summary. In summary, we reported a method to fabricate flexible magnetic films with a remarkable uniaxial magnetic anisotropy by combining the self-assembled wrinkled surface and the oblique deposition. The sinuously wrinkled topography is produced by growing a non-magnetic Ta layer on a pre-stretched PDMS membrane. Due to the sinuously wrinkled topography, the shadowing effect is enhanced during the oblique deposition of magnetic FeCoTa films, leading to a remarkable uniaxial magnetic anisotropy and an enhanced ferromagnetic resonance frequency. The magnetization reversal mechanism of wrinkled FeCoTa films can be interpreted by a two-phase model composed of both coherent rotation and domain wall nucleation.
Methods
PDMS membranes with a thickness of 360 μm were pre-stretched by a tensile pre-strain ε pre up to 40% using a home-made stretching apparatus. A 5 nm Ta layer was grown onto the pre-strained PDMS by using a DC magnetron sputtering system with a base pressure better than 5 × 10 −5 Pa. Then the samples were taken out of the vacuum chamber and the PDMS pre-strain was subsequently released. A wrinkled topography appears on the surface of Ta/PDMS due to the mismatch of Young's modulus between the PDMS substrate and the metallic layer. Subsequently, we again introduced the samples into the sputtering chamber and obliquely deposited a 150 nm FeCoTa film onto the wrinkled Ta/PDMS surface at different growth angles with respect to the surface normal and with the azimuth perpendicular to the wrinkles. Prior to be taken out of the vacuum chamber, a 3 nm Ta layer was non-obliquely deposited on the samples as a protection layer to prevent oxidation. The thicknesses of Ta and FeCoTa layers were controlled by the deposition time and were calibrated by X-ray reflectivity. The surface morphology was characterized by an atomic force microscope (AFM, Veeco Dimension 3100V). The hysteresis loops were measured by using a vibrating sample magnetometer (VSM, Lakeshore 7410). The permeability spectra were obtained at zero bias field by using a vector network analyzer (Agilent E8363B) with a shorted microstrip transmission-line perturbation method. All the measurements were conducted at room temperature. 
